Fully Submerged TLP -Preliminary Tests
A fully submerged 1.2m wide TLP was moored near the surface of Tank 3 at Stevens Institute of Technology to generate changes in the wave form and flow field over the TLP in various wave conditions (Fig. 1) . The laser sheet generator of the PIV system can be seen on the left side of the wave tank, and the down tube for camera 2 can be seen on the right side of the red bridge spanning the wave tank in the forward scattering configuration. 
Experimental Studies at Stevens Institute of Technology
The low density, full submerged TLP has been tested at depths ranging from 15cm to llOcm and large amounts of PIV and wave-wire data were collected and processed in 20 10. The PIV data allowed us to analyze the flow pattern and changes in wave form as incident waves passed over the surface of the TLP. Each wave run generated 80 images of the flow field from each of two cameras; Camera 1, "downstream" (relative to wave propagation) of the platform and Camera 2 ''upstream" of the platform sampling at 15Hz.
Total capture duration was 5.33 seconds per run.
Experiment Set Up and Results

Stereo Dual Camera Calibration:
Before the PIV testing could be carried out, an accurate calibration of the PIV camera array was needed. This calibration was required to correct for the off-axis viewing of each of the cameras, and to produce measureable "corrected" images from which the user can collect useful particle velocity information. The calibration scaled the resulting images to represent the dimensions in the plane of the laser light sheet.
The Calibration Wizard in La Vision's DaVis 7.2 imaging software suite was used to complete the camera calibration. The wizard guides the user through the calibration process and verifies an accurate calibration.
A two-level calibration plate was used to calibrate the stereo PIV camera array. Each side of the plate was etched with silver calibration triangles and squares arranged in a known three dimensional arrangement across two levels. This two level array simplified the camera calibration by providing the PIV system with multiple calibration planes without having to move the plate.
The calibration plate was aligned with the laser sheet in the field of view of the cameras.
The wizard captured images of each side of the plate using the stationary PIV cameras.
These images can be seen in Figure 2 . The wizard prompted the user to define basic information about the plate and to identify three of the calibration marks on either side of the plate. With this information, the PIV system was able to identify the remaining calibration marks, fit a mapping function to the image, scale the images and complete the calibration process. The resulting in-plane images are shown in Figure 3 . Two wave wires were used for the 2010 experiments. One was placed 6.25m upstream of the laser and one was placed 2.70m downstream of the laser directly behind the platform to measure the waveform changes due to incident waves passing over the platform. Each wave wire was raised and lowered 7.5cm above and below the still water line in increments of 2.5cm, and voltages were recorded at each elevation to provide the calibration relationship between water depth and wave wire voltage output. Both wave wires were nearly linear over the range of calibrated elevations.
Processed Data
The data processing method for one of the eighty-nine PIV runs during the first test matrix in 2010 is described in this section.
6.1 em (2.4in) 2s Waves with 30cm Platform Depth For this run the waves created were 6.1cm (2.4in) high with 2 second periods. The time histories of the waves before, over, and after the platform can be seen below (Fig. 4) . The plots in Figure 4 show the wave heights were more than doubled over the platform to Load Cell Drag
• Figure 18 : The data fr om the load cell on the beach side of the platform in the 1.Ss51mm (2in) waves included harmonic events where the mooring line was partially unload fo r 0.3 seconds before the fu ll load was returned to the mooring line. The drag load was calculated as the horizontal component of the total load on the mooring line, and the measured drag loads were significantly larger than the CFD outputs.
The potentiometer output in Figure 17 and load cell output in Figure 18 were recorded simultaneously with the wave wire output in Figure 19 . 
Wave Wire
Further Proj ect Developments
During the 2011 test matrix, a 30cm diameter, 2.7kg surface float was tethered to the fully submerged TLP at 30cm depth to simulate a generic wave energy conversion device with a load cell in line to calculate mechanical power acting on the float (Figs. 20-21 ). 
30
-Load -wave Wire The float has a total volume of 0.014 cubic meters and 14kg of displacement when fully submerged in fresh water. The float weighs 2.7kg and the spring reel tether and load cell added 4kg to displacement. The float would displace 3kg above the static load (Fig. 23) a distance of 35mm per 1.5s wave cycle (Fig. 22) . Total mechanical power imparted to the float-spring reel system was: 3kg x 9.8rnls"2 x 0.035m I l.Ss per wave= 0.233 Watts This focusing of wave power has significant potential to mcrease the conversion efficiency of wave energy conversion systems.
Related Work
A hydraulic four-point mooring system is being fabricated for future tests (Figs. 25-26 ).
This system will enable researchers to change depth and orientation of platforms during wave runs. Changing platform depth and orientation enables researchers to change the location of maximum wave height in the flow field. The high-density platform intended for testing in 2011
is not yet complete. The vendor contracted to fabricate the platform filed for bankruptcy, was unable to fulfill the contract, and returned the materials purchased for the platform to Stevens. PI Raftery has been reviewing hydraulic system manuals and consulting with engineers at Basch
Rexroth to acquire the skills required to assemble the hydraulic power take-off and conversion system. High density platform fabrication has been incremental over the past year (Fig. 27 ).
Figure 27: The high density TLP platform is being assembled at Stevens Discussion Fully submerged platforms have the potential to provide the U.S. Navy with marine renewable energy systems that will be deployable throughout the world's oceans, avoid extreme mooring loads in storms and focus surface wave energy onto power take-off components in mild wave conditions. The deployment process being developed for a full scale design is particularly well suited for littoral regions with silt or sand seafloors.
The variable depth platform has caused a four-fold increase in the wave energy density over the leading edge of the platform in some cases. Relations between platform depth, wave parameters, and wave energy density have been developed from the test matrix.
Optimal depths for wave tuning have ranged from 2 to 4 times the incident wave height during tank tests. Optimization has been based on the maximum increase in wave height over the platform without a tethered surface float over this test period. Tethered surface floats complicate the optimization process, and actual power take-off from scale models will be required to provide data useful for design of wave energy conversion systems.
Future Work
Development and validation of CFD programs to simulate complex flow fields over submerged platforms will continue with expanded tests of various platforms.
Other Activities and Achievements
Students Involvement
Three students were involved in the set up and running of the position and load tests as part of their summer intern work. Two students worked during the summer processing the test data and contributed content to this progress report.
One PhD student was involved in the set-up of the position and load tests. universities.
The PI has been in regular discussions with industry partners (Bosch-Rexroth and Airline Hydraulics) through periodic meetings and e-mail exchanges to discuss autonomous and remote depth control of the TLP and power take-off and conversion capabilities. When the power take-off and conversion and variable depth capabilities are integrated into a scale model platform, near shore power conversion, sea base, and stealth platform applications can be developed to meet US Navy mission requirements.
Supplemental Funding
The PI has received supplemental funding from DOD sponsors at the Picatinny Arsenal in New Jersey through an American Recovery Act program. Fully Submerged platfonns have the potential to provide the US navy with marine renewable energy systems that could be deployable throughout the world's oceans, avoid extreme mooring loads in stonns and focus surface wave energy onto power take-off components in mild wave conditions. The deployment process being developed for a full scale design is particularly well suited for littoral regions with silt or sand sea floors.
A variable depth platfonn is tested in a wave tank and relations between platfonn depth, wave parameters and wave energy density have been developed. Optimal depths for wave tuning have ranged from 2 to 4 times the incident wave height.
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